Abstract Atherosclerosis is a heritable trait with little known about specific genetic influences on preclinical measures of plaque formation. Based on relations of parasympathetic-cholinergic function to atherosclerosis and to a choline transporter gene [CHT1 (G/T)] polymorphism, we investigated whether the same allelic variant predicts variation in carotid intima-media thickness (IMT) and plaque formation. Carotid IMT and plaque occurrence as well as genotyping for the CHT1 (G/T) variant were measured in a sample (N = 264) of generally healthy adults (age 30-55) of European ancestry. CHT1 GG homozygotes had greater IMT (P \ 0.005) and plaque occurrence (P \ 0.020) than T allele carriers. This is the first study showing polymorphic variation in the CHT1 gene to predict early, subclinical measures of carotid atherosclerosis which may aid in understanding cholinergic-vagal processes potentially underlying atherosclerotic risk.
Introduction
Atherogenesis is influenced by both environmental and genetic factors [1, 2] , but relatively little is known regarding heritable contributions to interindividual variability in preclinical atherosclerosis. One approach to investigating potential heritable influences on interindividual variability in subclinical measures of atherosclerosis is to examine genes that regulate pathobiologic risk for atherosclerotic cardiovascular disease. In this regard, diminished variation in inter-beat intervals of heart rate or low heart rate variability (HRV), which reflects reduced autonomic (particularly parasympathetic-cholinergic) modulation of cardiac rhythm, predicts cardiovascular morbidity and mortality in both patient and non-patient populations [3, 4] , and is also associated with psychosocial and biological risk factors for coronary heart disease, coronary atherosclerosis, risk of clinical cardiac events including premature myocardial infarction or sudden death [5] [6] [7] and with risk factors for cardiovascular disease, such as hypertension, abdominal adiposity, insulin resistance, and presence of the metabolic syndrome [6, [8] [9] [10] [11] . Because these associations were obtained in diverse populations and were often independent of other risk factors (e.g., age, blood pressure, glucose and lipids, etc.), it is conceivable that reduced autonomic-cholinergic-cardiac function contributes, in part, to the development of atherosclerotic disease. Such speculation is consistent with the association of the autonomic nervous system in lesion development, in the mediation of stress-induced endothelial injury and atherogenesis in nonhuman primates [12] , and in the regulation of systemic inflammatory responses [13] , lipid mobilization, and altered platelet function in humans [14] .
If diminished autonomic-cholinergic-cardiac activity is associated with increased risk of atherosclerotic cardiovascular disease, genetic variation contributing to individual differences in autonomic-cholinergic function may be related to atherosclerosis. Biometric family and twin studies report significant genetic influence on cholinergic/parasympathetic phenotypes, with heritability estimates of up to 65% [15] [16] [17] [18] [19] [20] . Most readily interpreted in relation to autonomic control is high frequency (HF) spectral power, which measures HRV associated with respiration and is known to be parasympathetically (cholinergically) mediated [3, 21] . Because acetylcholine (ACh) is the primary neurotransmitter for parasympathetic function, genes encoding components of cholinergic neurotransmission contain a source of potential genetic variation influencing interindividual variability in HRV.
High-affinity choline uptake and transport into ACh-releasing neurons is affected by the choline transporter, and this uptake is the rate-limiting step in ACh biosynthesis [22] . High affinity choline transporter (CHT1) expression has been reported in the intima and media layers of the arterial vascular wall in humans [23] . A common base pair substitution (G ? T single nucleotide polymorphism [SNP] ) is located in the 3 0 untranslated region (3 0 UTR) of the high affinity choline transporter gene (CHT1), and allelic variation at this site has been found to predict cardiac autonomic function in healthy, middle-aged adults [24] . Compared to persons carrying any CHT1 T allele, individuals homozygous for the CHT1 G allele exhibited lower cholinergially-driven HF power. Predicated on the associations of low HRV with coronary and carotid artery atherosclerosis, evidence of expression of the high-affinity choline transporter (CHT1) in the intima and medial layers of the arterial vascular wall, and relations of cholinergically mediated HRV indices with genetic variation in the choline transporter, in the present study, we hypothesized that allelic variation in CHT1 may similarly predict variation in carotid intima-media thickness and plaque occurrence among middle-aged men and women without a clinical history of atherosclerotic cardiovascular disease.
Materials and methods

Participants
Subjects were participants in the University of Pittsburgh's Adult Health and Behavior (AHAB) Project and were recruited from Allegheny County, Pennsylvania, from February 2002 to August 2004 using mailed brochures. Participants were community volunteers of European ancestry (non-Hispanic to examine population specific relations), 30-55 years of age. Exclusion criteria included clinical history of atherosclerotic disease (e.g., stroke, myocardial infarction, angioplasty, or bypass surgery), cancer diagnosis, or treatment within the past year, chronic liver or kidney disease, as well as use of cardiovascular, lipid-lowering, diabetic, glucocorticoid, prescription weight-loss, or psychotropic medications. Women were excluded if they were not using reliable birth control, or were pregnant, lactating, or currently experiencing age-related menstrual period irregularities.
This study was approved by the University of Pittsburgh's Institutional Review Board. Participants received a general description of the study upon recruitment, and data collection procedures were fully explained. Informed consent was obtained from all participants, and safety and data monitoring procedures were followed in accordance with the University of Pittsburgh's Institutional Review Board guidelines. A total of 273 subjects completed the protocol (135 female), of which 264 were successfully genotyped and included in the analyses. Only two participants in the final sample were taking antihypertensive medications.
Carotid atherosclerotic measures
Participants underwent B-mode ultrasonography at the Department of Epidemiology ultrasound research laboratory at the University of Pittsburgh to assess mean carotid intima-media thickness (IMT) and carotid plaque occurrence, as defined by an index of plaque classification (see Table 1 for sample characteristics). A Toshiba SSA-270 scanner (Tobisha, Nasu, Japan) equipped with a 5-MHz linear array imaging probe was used by trained sonographers to image the right and left common carotid artery, carotid bifurcation, and the first centimeter of the internal carotid artery. Mean IMT was quantified from digitized images of the lumen-intima and media-adventitia interface across each carotid segment and were aggregated and averaged across the near and far walls of the right and left distal common carotid artery (1 cm proximal to the carotid bulb), the far wall of the carotid bulb (initiated where the near and far walls of the common carotid artery are unparallel and completed at the flow divider), and the far wall of the internal carotid artery (from the flow divider to the first centimeter distal to this point).
Measures were obtained using software that uses an edge detection algorithm and generates one measurement for each pixel, yielding *140 measures for each segment. Computerized readings were over-read by certified sonographers making adjustments as needed. Mean IMT was calculated as the average of the mean IMT measured at each location. Since the average IMT distribution was positively skewed, reciprocal transformations (1/Y) were performed to normalize the data for final analysis. Plaque was defined as a focal area with IMT exceeding adjacent areas by more than 50%. Values were reduced to create a dichotomous measure of 0, absence of plaque and 1, presence of one or more plaques (ranged from 1 to 5 plaques). It is important to note that this IMT estimated measure of plaque does not necessarily distinguish between lesions with or without a necrotic core and may be better defined as an intermediate phenotype of plaque [25] [26] [27] .
DNA extraction and analysis
Blood specimens for genetic analysis were collected as a part of the subjects' prior participation in the AHAB project. Blood was extracted into 10 mm EDTA vials, and DNA was isolated from lymphocytes using a salting out procedure [28] . Genotyping of the CHT1 (G/T) SNP [Position: Chromosome 2 (107111468); Band 2q12.3; Relative Position: 26772; GenBank TM accession number: AC009963:1; dbSNP: rs333229] was achieved through polymerase chain reaction (PCR) amplification and allele specific detection by fluorescence polarization [29] . Amplification used primers F: 5 0 -GTAGGGACGAATGAAG GA-3 0 and R: 5 0 -GCTCTCTAGATACAATGG-3 0 . The reactions were performed using the following conditions: 95°C for 1 min; and 35 cycles of denaturation at 95°C for 30 s, annealing at 54°C for 30 s, and extension at 72°C for 30 s; and then 72°C By convention, the more common allele is designated ''G'' and the less common allele ''T''. Sample frequencies of the G and T alleles in the study population were 0.78 and 0.22, respectively. The resulting distribution of CHT1 (G/T) genotypes in the current study sample (N = 264; GG = 163, GT = 85, and TT = 16) conformed to Hardy-Weinberg equilibrium (Chi-square = 1.17, NS) and did not differ between men and women (Chi-square = 2.98, NS). Due to the low number of TT homozygotes, GT and TT genotypes were combined for analysis. Of the participants for which DNA amplification and genotyping was successful, 2 had missing mean IMT data, yielding a final sample of 262 subjects to be included in the IMT analyses. All participants with CHT1 (G/T) genotypes were included in the plaque occurrence analyses (see Table 1 for sample characteristics).
Cardiovascular risk factors
Self-reported smoking exposure (calculated as lifetime exposure to smoking cigarettes in pack-years), body mass index, fasting glucose, total and high-density lipoprotein (HDL) cholesterol concentration, and daytime systolic and diastolic blood pressure were evaluated as standard cardiovascular risk factors. Mean systolic and diastolic blood pressure was obtained at two separate sessions using a mercury sphygmomanometer after a 5-min resting period. BMI was calculated as weight (kg)/height (m 2 ). Fasting serum glucose was assayed by standard colorimetry, and serum total and HDL cholesterol levels were measured enzymatically by the Heinz Nutrition Laboratory, Department of Epidemiology, University of Pittsburgh Graduate School of Public Health, which has met the criteria of the Centers for Disease Control-National Heart, Lung, and Blood Institute Lipid Standardization Program since 1982. For women, menopausal status was recorded and defined as follows: (1) postmenopausal-has not menstruated for at least 12 months, has had a hysterectomy or removal of uterus (36%); (2) perimenopausal-currently going through menopause as indicated by their physician and/or taking hormone replacement therapy and or[40 years old with unpredictable menstrual cycles for more than a year (2%); and (3) premenopausal-currently cycling (n = 62%).
Statistical analyses
All analyses were performed using SPSS for Windows (version 16). Univariate associations by bivariate correlational analysis was conducted between indices of carotid atherosclerosis and cardiovascular risk factors to select for covariates for subsequent analyses. Risk factors shown to be significantly associated with carotid measurements were controlled for in the final statistical models evaluating the relation of CHT1 genotypes with mean IMT and plaque. Hierarchical multiple regressions were performed with CHT1 genotypes as predictor of mean IMT, with sex, age, BMI, systolic blood pressure, glucose, and total and HDL cholesterol as covariates. Binary logistic regressions were computed to evaluate whether CHT1 genotype predicted plaque index, controlling for sex, age, glucose, diastolic blood pressure, smoking exposure, and cholesterol.
Results
Preliminary analyses
Participants averaged (mean ± SD: 44.99 ± 6.7) years of age, and 49.5% were female. The sample mean for BMI (26. and HDL levels in men (47.8 ± 11.3 mg/dL) and women (59.9 ± 13.9 mg/dL) were about average (Men: 40-50 mg/dL; Women: 50-60 mg/ dL). Glucose values (94.05 ± 9.5 mg/dL) and blood pressure (114.86 ± 12.5/77.37 ± 8.9 mm Hg) were also within the normal range (70-99 mg/dL fasting and \120/80 mm Hg, respectively). Only 10.3% of the participants were current smokers. Compared with carotid intima-media thickness values in another healthy adult population [30] , mean IMT (0.66 ± 0.9 mm; range = 0.49-1.15 mm) for this sample was considered moderately high-risk (0.6-0.8 mm), with 14.7% (n = 40) of the sample having at least one focal carotid plaque.
As expected, direct associations were found between age, BMI, systolic and diastolic blood pressure, cholesterol, and glucose levels and mean IMT (P's \ 0.019), while an inverse relationship was noted between HDL concentrations and mean IMT (P \ 0.004). With respect to plaque, point-biserial correlations showed greater age, blood pressure, and glucose levels associated with presence of carotid plaque (P's \ 0.02). Higher cholesterol levels showed a marginal relationship (P = 0.059) with plaque occurrence and subsequently was included as a covariate in evaluating the association of CHT1 genotype with presence of carotid plaque. Men had greater mean IMT and plaque scores than women (P's \ 0.04).
Main analyses: CHT1 genotype and carotid atherosclerotic measures Hierarchical Multiple and Logistic Regression analyses demonstrated that the carotid atherosclerotic risk-factors, carotid intima-media thickness and plaque, may be associated with the CHT1 genotype (see Tables 2, 3 for regression analyses). In step 1 of the linear, hierarchical multiple regression analysis, age, sex, BMI, cholesterol, HDL, glucose, and systolic blood pressure accounted for 35.6% of the variance in mean carotid intima-media thickness. An estimate of the effect size of each association is provided by a semi-partial correlation for IMT and a partial correlation for plaque. Among covariates in the final model of the regression equation, greater age, BMI, and systolic blood pressure were significant independent predictors of mean IMT (P's \ 0.05). In addition, men were associated with greater mean IMT (P = 0.002). In step 2 of the linear multivariate regression analysis, the CHT1 GG homozygotes predicted greater mean IMT (b = 0.059, P \ 0.005), accounting for an additional 2% of the variance. Based on the untransformed IMT average, GG homozygosity corresponds to a 0.029 mm increase in mean IMT than those carrying a T allele. Please note that the variance inflation factors for all variables in the above analysis were close to 1 suggesting that multicollinearity is not likely influencing the results.
In contrast with bivariate correlations showing male sex, age, blood pressure, and glucose levels to be associated significantly with plaque occurrence, multiple logistic regression analysis showed only age was associated independently with plaque occurrence (P \ 0.001) in the final model. Our analysis indicates that compared to CHT1 T allele carriers, GG homozygotes are approximately 2.5 times more likely to exhibit detectable plaque after covariate adjustment for age, sex, diastolic blood pressure, cholesterol, smoking exposure and glucose (OR = 0.396; 95% CI = 0.18-0.86; P \ 0.02). After adjusting for womens' menopausal status, these analyses remained essentially the same. 
Discussion
In this report, we present evidence that allelic variation in CHT1, which has previously been shown to predict in vivo measures of parasympatheticcholinergic function [24] , predicted carotid intimamedia thickness and plaque occurrence among middle-aged men and women without a clinical history of atherosclerotic cardiovascular disease. As expected, we found that as compared to carriers of a T allele, GG homozygotes had significantly greater intima-media thickness and a 2.5 times greater likelihood of having plaque, independent of traditional cardiovascular risk factors for atherosclerosis; GG homozygotes have also been shown to have lower HRV [24] , a significant predictor of cardiovascular morbidity and mortality [3, 4] and an in vivo measure of cholinergic function. Because this CHT1 polymorphism is located in the 3 0 UTR region, it could influence rate of protein synthesis via alteration of gene expression or, alternatively, vary in linkage disequilibrium with a functional polymorphism located elsewhere. The variance accounted for by these relations is about 2%, which is considered a fairly large effect for a polymorphism influencing a complex trait such as atherosclerosis. These findings are consistent with the understanding that atherosclerotic plaque formation is a complex process and likely influenced by multiple genes of small effect, as well as gene by gene and gene by environment interactions [1, 2] . In this regard, other genetic variants of various pathophysiologic pathways found to influence atherosclerosis such as, endothelial dysfunction (e.g., NOS3, MnSOD, KDR genes), inflammation (e.g., IL-1, IL-1Ra, IL-6, IL-10, TNF-a, TNF-receptor genes) and vascular remodeling (e.g., TGF-b1, MMP-1, MMP-3,MMP-7, MMP-9, MMP-12 genes) [1, 2] , together with the CHT1 (G/T) variant may have additive or synergistic effects that yield significant clinical information.
To our knowledge, this is the first report that polymorphic variation in the CHT1 gene is associated with subclinical measures of carotid atherosclerosis. Taken together with previous work demonstrating an association of this CHT1 polymorphism with vagal function, these findings may contribute to our understanding of cholinergic-vagal modulation of the pathophysiologic processes underlying risk for atherosclerosis. In this regard, descending pathways of the vagus nerve involves cholinergic neurotransmission and has been shown to inhibit cellular activation of macrophages and inflammatory cytokines which have been implicated in atherosclerosis [31] . In addition, non-neuronal acetylcholine is expressed widely in the body and can be involved in basic cell functions, such as the regulation of gene expression and specific and nonspecific immune functions [32] . Future experiments should examine the cellular effects of acetylcholine to better understand the cholinergic system in the pathogenesis of diseases involving inflammation, including atherosclerosis, depression, and dementia. In the future, it may also prove beneficial to evaluate inflammatory markers in relation to this CHT1 (G/T) variant to further understand the development of atherosclerotic plaque formation. As alluded to above, this relation may be pertinent to depression phenotypes [33] and to augmented risk of coronary disease events that is related to low vagal activity [3] [4] [5] 34] . These findings should be interpreted with some caution, however, since they are based on simple association analysis. As in all investigations that involve samples of unrelated individuals, spurious genetic association derived from unknown sources of population substructure remains a theoretical possibility [35] . Confirmatory and validation studies are warranted using more definitive genetic methodologies, such as family-based association designs [36] or statistical adjustment for population stratification by concurrent evaluation of multiple single-nucleotide polymorphisms [37] . Another important limitation to the interpretation of these findings is that it is unclear if these results could generalize to other age groups or ancestry. Finally, it is important to recognize that plaque as measured here may not represent necrotic plaques and is a less sensitive estimate of plaque as compared to measures of total plaque area. Future studies should consider including total plaque area measures, which would more closely approximate pathologic plaques in atherosclerosis progression.
Nonetheless, this is the first investigation to demonstrate that the CHT1 (G/T) genetic polymorphism, previously associated with an in vivo measure of cholinergic function suggesting functionality with this variant, to predict early, subclinical measures of carotid atherosclerosis. Our findings will hopefully aid in delineating cholinergic processes that may underlie risk for atherosclerosis and uncover new ways to prevent this life threatening illness.
